 {#sec0005}

Atypical processing of faces is one of the most commonly documented areas of abnormal visual attention in individuals diagnosed with autism spectrum disorders (ASD; e.g., [@bib0090], [@bib0135], [@bib0210]). Recent research indicates that these differences emerge early in development, with infants at an increased risk of ASD displaying different electrophysiological responses from low-risk infants within the first year of life (e.g., [@bib0160], [@bib0155], [@bib0205]). Existing studies of high-risk infants have primarily focused on infant siblings of children with ASD, and it is unclear whether similar abnormalities are present in other high-risk groups. In the current study, we measured event-related potentials during a face processing task in two samples of infants at high risk of ASD − infant siblings of children diagnosed with ASD (ASIBs) and infants diagnosed with fragile X syndrome (FXS), as well as low-risk (LR) controls. We expected to observe distinct electrophysiological responses that would differentiate the high-risk ASD groups from each other and from the low-risk group.

Event-related potentials (ERPs) provide a discrete timeline of neural activation associated with face processing and reveal distinct differences in neural responses to faces in adults with ASD compared with typical adults (e.g., [@bib0210]). The N170 ERP component has been most strongly associated with face detection and processing in adults and is characterized by a negative peak occurring approximately 170 ms after stimulus onset at lateral posterior scalp regions. Both typical adults and adults with ASD show greater amplitude N170 to faces compared with objects (e.g., [@bib0015], [@bib0210], [@bib0225], [@bib0270], [@bib0300], [@bib0305]). However, adults with ASD have shown a longer latency to peak N170 than typical controls ([@bib0210], [@bib0215]). Additionally, adults with ASD do not show a right hemisphere advantage for faces, which is typically seen in adults and reflected by greater amplitude N170 at right than left lateral electrodes ([@bib0210]), nor do they exhibit greater amplitude N170 responses to inverted compared with upright faces, which is exhibited in typical adults ([@bib0215], [@bib0305]). Thus, although adults with ASD exhibit typical increases in N170 amplitude toward faces versus objects, the temporal and spatial characteristics of the N170 response remain atypical.

Because ASD is not typically diagnosed until toddlerhood or later, recent studies have examined electrophysiological responses to faces in infants at high-risk of ASD as a means to understanding early developmental sequences of risk. This area of research has focused primarily on infant siblings of children with ASD (ASIBs), as ASD diagnosis is 18--20 times more prevalent in ASIBs than in the general population ([@bib0230]). In addition to exhibiting increased rates of ASD, first-degree relatives of individuals with ASD have been shown to exhibit higher rates of subclinical ASD symptoms than the general population, a phenomenon known as the broader autism phenotype (BAP; [@bib0060], [@bib0180], [@bib0235]). Subclinical symptoms associated with the BAP may manifest through atypical cognitive and social function ([@bib0165], [@bib0220]). Thus, investigating early patterns of face processing among ASIBs can inform both early markers of ASD risk, as well as broader endophenotypes of ASD that manifest in clinically unaffected individuals.

Event-related potentials have been used to study the development of face processing in infant ASIBs ([@bib0075], [@bib0160], [@bib0155], [@bib0190], [@bib0185], [@bib0205]). Of primary interest to these studies are two infant ERP components strongly associated with face processing, the N290 and P400. It has been hypothesized that the N290 and P400 together function as the precursor to the adult N170 (e.g., [@bib0190]). However, recent research has indicated that the N290 is more strongly linked to face processing, as cortical source analysis has localized the component to temporal and occipital brain regions including the middle fusiform gyrus ([@bib0100]).

Like the N170, the N290 is a negative ERP component that occurs over lateral posterior electrodes and is characterized by greater amplitude to faces than other classes of stimuli ([@bib0110], [@bib0100]). The results of a recent study examining N290 responses in conjunction with infant heart rate-defined phases of attention indicate that sustained attention may further contribute to the differentiation of face and toy stimuli in 4.5---7.5-month-old infants ([@bib0100]). This typical pattern of greater amplitude responses to faces than objects has also been observed in ASIBs ([@bib0205]). However, ASIBs showed a shorter latency N290 response to objects than faces, whereas LR infants showed a trend of responses in the opposite direction ([@bib0205]). Additionally, research conducted with LR and ASIB infants has indicated that N290 amplitude may be sensitive to stimulus exposure ([@bib0155], [@bib0190]), although several studies of 4.5- through 12-month-old LR infants ([@bib0315], [@bib0320], [@bib0100], [@bib0185], [@bib0205]) and ASIB infants ([@bib0190], [@bib0205]) have failed to find a significant effect of stimulus familiarity on N290 amplitude. Although the N290 is relevant to ASD due to its association with face processing, the limited ERP studies in ASIBs to date have failed to identify consistent group-specific differences related to ASD risk on N290 amplitude, latency, or topography.

The P400 is a positive component that is seen over occipital electrodes ([@bib0325]). Research conducted with low-risk infants has reported shorter latency P400 responses to face stimuli than other classes of stimuli ([@bib0320], [@bib0110], [@bib0205]). [@bib0205] found that 10-month-old ASIBs did not demonstrate this face processing advantage and exhibited slower P400 latencies to faces than LR infants. Differences in P400 amplitude and latency have been reported based on stimulus exposure, such that LR and ASIB infants showed greater P400 amplitude to a stranger's face than their mother's face, but only LR infants showed longer P400 latency to the stranger's face than their mother's face ([@bib0155]). These studies indicate that the investigation of the P400 may be informative to the examination of atypical face processing in ASIBs during infancy.

Additionally, the Negative central ("Nc;" [@bib0045]) is an ERP component that is relevant to the examination of infant face processing and that has been examined in studies of ASIBs. The Nc is a negative ERP component seen from 350 to 750 ms after stimulus onset at frontal and central midline electrodes. The Nc is evident in response to a variety of visual stimuli. It is greater in amplitude in response to salient or novel stimuli and during heart rate defined stages of attention ([@bib0315], [@bib0320], [@bib0095], [@bib0100], [@bib0250], [@bib0255], [@bib0295]). In several studies of face processing in the first year of life, Nc amplitude has been reported to be greater in response to an infant's mother's face than a stranger's face (e.g., [@bib0315], [@bib0320], [@bib0190], [@bib0295]). However, additional research including ASIBs and LR infants suggest variable patterns in response to these stimuli across age and risk status. [@bib0155] found that 9-month-old LR and ASIB infants showed greater amplitude Nc responses to a stranger's face than their mothers' faces. This effect was replicated in a separate cohort of 12-month-old infants and was stronger in LR infants, as a larger proportion of LR infants demonstrated greater Nc amplitude to a stranger's face than their mother's face ([@bib0185]). However, a recent longitudinal examination of LR and ASIB infants from 6 to 36 months of age found that LR infants consistently showed greater Nc amplitude to their mother's face than a stranger's face, but ASIBs did not respond differentially across ages ([@bib0190]). Overall, these studies suggest that the Nc may be sensitive to emerging differences in attention to salient and novel faces among ASIBs.

Notably, these extant electrophysiological studies of face processing in high-risk infants have exclusively focused on ASIBs, and no studies to date have contrasted patterns of face processing with other high-risk groups such as infants with ASD-associated genetic syndromes. Fragile X syndrome (FXS), a single gene trinucleotide (CGG) repeat disorder located on the *FMR1* gene (Xq27.3), affects approximately 1 in 3700--8900 males ([@bib0035], [@bib0050], [@bib0140]). FXS is the most common known genetic cause of ASD, accounting for approximately 5% of cases ([@bib0105]), with co-morbidity of ASD with FXS associated with deleterious phenotypic effects ([@bib0010], [@bib0120], [@bib0170]). The relation between FXS and ASD is well established, with 60--74% of FXS cases meeting criteria for ASD ([@bib0030], [@bib0115], [@bib0150], [@bib0245]). There is considerable interest in studying the association of FXS and ASD due to both the clinical consequences of their co-occurrence and potential to increase understanding of ASD ([@bib0020]). Controversy exists, however, regarding the shared phenomenology across these two etiologically distinct disorders, as some studies indicate a high degree of concordance ([@bib0005], [@bib0070], [@bib0265]), yet others report distinct neurobiological pathways and behavioral presentations. For instance, [@bib0265] compared the development of toddlers diagnosed with FXS, ASD, and developmental delay and found that half of the toddlers with FXS were nearly identical in ASD related behavior and symptoms to the toddlers with ASD, while the other half of the FXS sample scored very similarly to the toddlers with developmental delay. Given the complex, overlapping symptom profiles associated with FXS and ASD, examining the early emergence of ASD-associated features in FXS may inform early risk factors specific to FXS, as well as broader heterogeneous pathways of ASD emergence ([@bib0200]).

Relative to ASIBs and those diagnosed with ASD, few studies have examined the development of face processing in FX. [@bib0080] found that adults with FXS made fewer fixations to faces than control adults during a passive face viewing task, but fixation patterns were not significantly correlated with symptoms of ASD. In a neuroimaging study, adults with FXS or ASD and control participants were asked to determine whether photographs of faces were emotional or neutral ([@bib0055]). FXS and ASD groups exhibited similar emotional recognition accuracy, and demonstrated decreased activation of the fusiform gyrus relative to controls. Decreased fusiform gyrus activation in individuals with FXS has been reported elsewhere (e.g., [@bib0085]), and could indicate that face processing is less automatic in FXS compared with typical adolescents and adults. Although face processing has not been examined in infants with FXS, previous research has shown that during a toy play task, 12-month-olds with FXS show longer look durations, take longer to disengage, and experience more shallow heart rate decelerations during periods of attention than control infants, all indicative of a muted attentional response ([@bib0260]). These results suggest that face processing deficits are present in FXS, although the emergence of these behaviors in early childhood is unclear.

The aim of the current study was to examine electrophysiological correlates of specialized face processing in two etiologically distinct groups of 12-month-old infants at high-risk for ASD based on a diagnosis of FXS or familial history of ASD (i.e., an older sibling diagnosed with ASD; "ASIBs") contrasted to LR controls. Differences in amplitude and latency of face-sensitive ERP components (N290, P400) and the Nc ERP component were measured in response to each participant's mother's face, a stranger's face, their own toy, and a novel toy. Past research has indicated that younger infants demonstrate greatest differentiation of face and object processing during heart-rate defined periods of attention ([@bib0100]), and we measured electrocardiogram (ECG) to examine the effect of heart rate-defined attention versus inattention on ERP responses in the current study. Consistent with previous studies, we expected ASIBs to exhibit (1) typical patterns of greater N290 amplitude to faces than toys, (2) slower latency P400 responses to faces relative to LR controls, and (3) greater Nc amplitude toward the mother's face compared with the stranger's face, while LR infants were expected to demonstrate greater Nc amplitude to the stranger's face than the mother's face. We expected that infants with FXS would display a similar pattern of responses to ASIBs due to shared risk for ASD, although we also predicted that the FXS group would exhibit developmentally immature responses, reflecting developmental delay. Specifically, we predicted that infants with FXS would demonstrate less differentiation of faces and toys at the N290 relative to control infants, or they would only differentiate these stimuli during HR-defined phases of attention, similar to results recently reported in younger infants ([@bib0100]). Additionally, infants with FXS were expected to demonstrate a greater amplitude Nc response to the mother's face than the stranger's face.

2. Method {#sec0010}
=========

2.1. Participants {#sec0015}
-----------------

Fifty-seven 12-month-old infants were recruited for the current study. Demographic information is included in [Table 1](#tbl0005){ref-type="table"}. Participants included 21 LR infants, 21 ASIBs, and 15 infants with FXS. An additional three infants were tested but not included in the final sample due to technical errors (n = 1), insufficient ERP data (n = 1), and diagnosis with a neurological disorder (n = 1). Low-risk infants had no known developmental anomalies, no family history of ASD, and were recruited from the Columbia, SC area. ASIBs were recruited through the South Carolina Department of Disabilities and Special Needs. Letters were mailed to families in South Carolina with a child with an ASD diagnosis describing the current study and inviting participation from families with an infant sibling. Infants with FXS were identified through collaborations with researchers across the United States in addition to emails and postings through social media (e.g., LISTSERVs, Facebook). All infants were full term (at least 38 weeks gestation, birth weight at least 2500 g). Participants were primarily Caucasian and of middle socioeconomic status. All infants participated with the informed, signed consent of their parents.Table 1Participant demographics.Table 1ASIBFXSTDn211521n male (%)18 (86%)8 (53%)16 (76%)Age12.68 (0.80)12.29 (0.38)12.28 (0.37)  RaceCaucasian181120Hispanic110Black221Asian010\*AOSI Total Score5.62 (3.26)8.60 (6.25)1.14 (3.45)\*AOSI Number of Markers3.86 (1.98)5.00 (3.32)0.67 (1.74)\*MSEL Early Learning Composite99.50 (14.03)83.47 (20.29)99.84 (11.11)\*MSEL Age Equivalent12.44 (1.60)10.27 (2.88)12.20 (1.25)[^1][^2]

2.2. Apparatus {#sec0020}
--------------

The experiment took place in a darkened room, where participants were seated on a parent's lap, approximately 55 cm away from a 29" LCD monitor (NEC Multisync XM29). The participants' looking behavior was recorded by a video camera positioned above the monitor. An experimenter judged infant fixation online and controlled stimulus presentation using Electrical Geodesics Inc. (EGI) Net Station software and an E-Prime experiment program from an adjacent room.

2.3. Stimuli {#sec0025}
------------

Stimuli included photographs of female faces and infant toys. Sesame Street characters were used as attractors. All stimuli were presented on colorful, variegated backgrounds. **Faces and toys**: The face and toy stimuli were created from photographs taken upon participant arrival at the lab. Photographs were taken from a straight-on view of the mother's face and the infant's toy. The images of the participant's mother and toy were paired with photographs of the mother and toy from the previous participant. The images measured approximately 17° visual angle. **Sesame Street Characters:** Dynamic videos of 15 Sesame Street characters were used as attractor stimuli. Video segments of individual Sesame Street characters were taken from the movie, "Sesame Street\'s 25th Birthday: A Musical Celebration!" Attractor stimuli were presented in a 2° x 3° area in the center of the screen. **Backgrounds**: Five static backgrounds containing simple patterns, such as water, sand, and grass, were presented on the entire monitor.

2.4. Procedure {#sec0030}
--------------

The experiment began when the participant became fixated on the center of the monitor. A button press by the experimenter initiated a sequence of brief image presentations and paired comparison (PC) trials. Each brief stimulus presentation began with a blank screen for a period of 100 ms, followed by a 500 ms stimulus presentation, and a variable inter-trial interval of 500--1500 ms. This ITI was selected to facilitate infant attention and the collection of a greater number of trials during the ERP task ([@bib0310]). The PC trials consisted of side-by-side presentations of the two faces (mother and stranger) or the two toys (familiar toy and novel toy). Each PC presentation lasted until 4 s of looking time was accumulated. The PC and brief trials were presented in random order in a 10-trial block, including two brief presentations of each face and toy stimulus, one face PC, and one toy PC. Sample presentations from this experimental procedure are presented in the Supplemental Information of [@bib0100]. At the beginning of the experiment or if the infant looked away from the screen, a dynamic Sesame Street video clip was presented to attract fixation. After completion of the experiment, a digital video recording was viewed offline to confirm infant looking during the brief stimulus presentations and to measure visual preferences during the PC presentations. The purpose of the PC trials was to generate preference measures for familiar and unfamiliar faces and toys (as well as to keep the infant interested), but these trials were not included in the ERP analyses. The experiment continued for as long as the infant was not fussy in order to collect as much data as possible.

2.5. ECG recording and heart-Rate defined attention {#sec0035}
---------------------------------------------------

Two Ag-AgCl electrodes were placed on the chest to measure the ECG. They were digitized with the EGI 128-channel EEG recording system concurrently with the EEG data. The ECG data was analyzed offline to assess changes in HR used to define periods of attention and inattention in a continuous presentation method ([@bib0100], [@bib0195], [@bib0240], [@bib0250]). Periods of attention included periods when the infant was looking toward the screen and showed a deceleration of HR below the prestimulus level (five beats with inter-beat intervals \[IBIs\] \> median prestimulus IBIs) and sustained lowered HR (IBIs \> prestimulus median). The periods of inattention included periods when the infant looked toward the screen before the HR deceleration occurred or continued looking toward the screen after the lowered HR returned to prestimulus levels. If the infant looked away the trial was not included in the analyses, the attention phase was undefined, and the sequence began again when the infant looked back toward the screen.

2.6. EEG recording and segmentation {#sec0040}
-----------------------------------

The EEG was recorded using the EGI 128-channel EEG recording system ([@bib0145], [@bib0290]). Participants' were fitted with a "hydrocel geodesic sensor net" (HGSN), chosen based on the infant's head circumference. Net application took 5--10 min, during which a second experimenter entertained the infant with various toys. EEG was measured from 124 channels in the electrode net and two Ag-AgCl electrodes measured electrooculogram (EOG). The EEG signal was referenced to the vertex, recorded with 20 K amplification at a 250 Hz sampling rate with bandpass filters set from 0.1--100 Hz and 100 kΩ impedance. The vertex-referenced EEG was algebraically recomputed to an average reference. Recorded EEG was inspected for artifacts (ΔEEG \> 100 μV), poor recordings, and blinks using the ERPLAB toolbox in Matlab and visual inspection of the EOG data. Individual channels or locations within trials were eliminated from the analyses if these occurred and if more than 10 channels within a trial were affected, that trial was rejected from further analysis.

2.7. ERP data analysis {#sec0045}
----------------------

The EEG was filtered with a 0.5 Hz high-pass bandpass filter and the ERP trials were segmented from 50 ms before stimulus onset through 1 s following onset. The ERP data processing procedure was completed using the EEGLAB and ERPLAB toolboxes ([@bib0065], [@bib0175]) within MATLAB (MATLAB R2014a, the Mathworks, Inc.). Clusters of virtual "10-10" electrodes were created from the mean of EGI electrodes surrounding the traditional 10-10 electrode locations (see [@bib0100]; Supplemental Information). The N290 was examined at lateral posterior-inferior scalp areas including Parietal Occipital (PO7: 59, 65, 66; PO8: 84, 90, 91; PO9: 64, 65, 68, 69; PO10: 89, 90, 94, 95), Parietal (P7: 51, 58, 59; P8: 91, 96, 97; P9: 57, 58, 63, 64; P10: 95, 96, 99, 100), and Temporal Parietal electrodes (TP7: 46, 50, 51; TP8: 97, 101, 102, TP9: 50, 56, 57; TP10: 100, 101, 107). The P400 was examined at medial posterior-inferior scalp areas including Parietal Occipital (PO7-10), Occipital (Oz: 71, 75, 76; O1: 66, 70, 71; O2: 76, 83, 84), and Inion electrodes (Iz: 74, 75, 81, 82; I1: 69, 70, 73, 74; I2: 82, 83, 88, 89). The Nc was analyzed at frontal and central midline virtual electrodes (Fz: 5, 10, 11, 12, 16, 18; FCz: 5, 6, 7, 12, 106; Cz: 7, 31, 55, 80, 106).

Mixed-design ANOVAs were calculated to determine the effects of participant group, stimulus type, stimulus familiarity, attention phase, and electrode hemisphere on N290, P400, and Nc peak amplitude and N290 and P400 peak latency. The N290 peak amplitude was calculated from the positive peak proceeding the N290 to the negative trough of the N290. Due to the unequal distribution of the number of trials in the cells of the factorial design, the ANOVAs were completed using the "Proc GLM" of SAS with a general linear models approach using nonorthogonal design (see [@bib0275]). The statistical tests used error terms derived from the related interval effect analyses and Scheffe-type methods to control for inflation of test wise error rate. Simple effects were examined through the calculation of least squares means with Bonferroni corrections for multiple comparisons. All significant tests are reported at *p* *\<* 0.05 and effect sizes (Cohen's *d*) are reported to describe comparisons within significant effects.

3. Results {#sec0050}
==========

On average each participant contributed over 60 total trials to the ERP analysis (*M* = 67.26, *SD* = 27.00). LR infants contributed an average of 58.33 trials (*SD* = 22.31), while ASIBs contributed 66.95 trials on average (*SD* = 28.91), and infants with FXS contributed an average of 80.20 trials (*SD* = 26.70). The number of trials contributed to the analyses did not vary across faces (*M* = 33.35) and toys (*M* = 33.91) for any of the participant groups (LR: faces *M* = 29.00, toys *M* = 29.33; ASIB: faces *M* = 33.24, toys *M* = 33.71; FXS: faces *M* = 39.60, toys *M* = 40.60). Overall, participants contributed more good trials during periods of attention (*M* = 39.68) than inattention (*M* = 27.58). This trend was also observed in all participant groups (LR: attention *M* = 36.67, inattention *M* = 21.67; ASIB: attention *M* = 36.86, inattention *M* = 30.10; FXS: attention *M* = 47.87, inattention *M* = 32.33). An average of 15.51 trials were rejected from each participant's analysis due to looks away or excessive ERP artifact. The number of rejected trials was very similar across groups (LR: *M* = 16.05; ASIB: *M* = 14.23; FXS: *M* = 16.53).

**N290 Amplitude.** [Fig. 1](#fig0005){ref-type="fig"} presents grand average N290 responses by group across left and right electrode clusters included in the analyses. The N290 is evident as a negative deflection in the ERP occurring approximately 300 ms after stimulus onset. [Table 2](#tbl0010){ref-type="table"} shows the mean N290 peak amplitude for the data in [Fig. 1](#fig0005){ref-type="fig"}, separately by electrode cluster, electrode hemisphere, and the three participant groups. The N290 amplitude was largest in the Parietal and Parietal Occipital clusters, and appears to be largest for the infants with FXS, followed by the LR infants, and was smallest in the ASIBs. This interaction was not tested in the current design, as ERP components were averaged across electrode clusters of interest to focus analyses on the effects of the factors: participant group, stimulus type, stimulus familiarity, HR-defined attention phase, and electrode hemisphere.Fig. 1Grand average N290 responses by group at Parietal Occipital, Lateral Parietal, and Temporal Parietal electrode clusters. The grand average ERP activity is shown from 100 ms preceding stimulus onset through 800 ms post stimulus onset for the three participant groups at electrode clusters included in the N290 analysis.Fig. 1Table 2Mean N290 peak amplitude (μV) and corresponding standard errors by group across left and right Parietal Occipital, Parietal, and Temporal Parietal electrode clusters.Table 2LeftRightGroupParietal OccipitalParietalTemporal ParietalParietal OccipitalParietalTemporal ParietalTD−10.93 (0.726)−10.90 (0.802)−9.09 (0.646)−9.75 (0.779)−10.50 (0.794)−8.85 (0.725)ASIB−7.70 (0.694)−7.47 (0.832)−6.80 (0.595)−7.83 (0.720)−9.06 (0.853)−8.81 (0.612)FXS−13.31 (0.915)−11.78 (1.068)−9.32 (0.798)−14.78 (0.928)−13.17 (1.035)−9.01 (0.752)

The effects of stimulus type and stimulus familiarity on N290 amplitude were examined, as well as their interaction with participant group and electrode hemisphere. An ANOVA was carried out that included group (3: LR, ASIB, FXS), electrode hemisphere (2: left, right), stimulus type (2: faces, toys), and stimulus familiarity (2: familiar, novel) as factors. Results included a significant main effect of stimulus type, *F* (1, 54) = 11.92, *p* = 0.0011. [Fig. 2](#fig0010){ref-type="fig"}a shows N290 amplitude as a function of stimulus type averaged across all participant groups. It can be seen that responses were significantly greater to faces, *M* = −11.11 μV, than toys, *M* = −8.39 μV, *p \<* 0.0001, *d* = 0.201. [Fig. 2](#fig0010){ref-type="fig"}b shows N290 amplitude for faces and toys separately for each participant group. Although the stimulus type by participant group interaction was not significant, differences between N290 responses to faces and toys were greatest in infants with FXS. There was a marginally significant interaction of stimulus familiarity and participant group, *F* (2, 54) = 3.01, *p* = 0.0578. This interaction was due to greater N290 amplitude in response to familiar stimuli in infants with FXS, *M* = −14.50 μV, than LR infants, *M* = −9.88 μV, *d* = 0.347, and ASIBs, *M* = −7.70 μV, *d* = 0.497, all *p*s \< 0.0001. The FXS group's responses to familiar stimuli were also greater in amplitude than all groups' responses to novel stimuli: LR, *M* = − 10.13 μV, *d* = 0.318, ASIB, *M* = −8.20 μV, *d* = 0.477, FXS, *M* = −9.29 μV, *d* = 0.373, all *p*s \< 0.0001. LR and ASIB infants did not differentiate familiar from novel stimuli based on N290 amplitude. These results indicate that all groups demonstrated a greater N290 response to faces than toys, but only infants with FXS responded differentially based stimulus familiarity.Fig. 2The N290 in response to faces and toys, (a) across all participant groups and (b) separately for each participant group. In the left figure, the N290 is shown in response to face and toy stimuli averaged across participant groups. The right figure panel presents N290 responses to faces and toys separately for each participant group.Fig. 2

To examine the effect of stimulus type and attention on N290 amplitude an ANOVA was conducted, including group (3: LR, ASIB, FXS), electrode hemisphere (2: left, right), stimulus type (2: faces, toys), and HR-defined attention phase (2: attention, inattention). The main effect of stimulus type was replicated, *F* (1, 54) = 11.94, *p* = 0.0011. However, there were no significant effects or interactions of attention on N290 amplitude.

**N290 Latency.** Latency to the N290 peak was examined across participant group, electrode hemisphere, stimulus type, stimulus familiarity, and HR-defined attention phase. An ANOVA was calculated including the factors participant group (3: LR, ASIB, FXS), electrode hemisphere (2: left, right), stimulus type (2: faces, toys), and stimulus familiarity (2: familiar, novel). There was a significant interaction of participant group and electrode hemisphere, *F* (2, 54) = 4.84, *p* = 0.0117. Least squares means revealed that the latency to the N290 peak was significantly shorter in ASIBs at left electrodes, *M* = 277.07 ms, than LR infants at left electrodes, *M* = 289.63 ms, *p* = 0.0022, *d* = 0.247, and infants with FXS at right electrodes, *M* = 291.39 ms, *p* = 0.0014, *d* = 0.292. There were no additional significant differences in latency to peak N290 based on group and electrode hemisphere (LR infants at right electrodes, *M* = 282.57 ms; ASIBs at right electrodes, *M* = 284.92 ms; infants with FXS at left electrodes, *M* = 285.89 ms). Additionally, there was a significant interaction of stimulus type and electrode hemisphere on N290 latency, *F* (1, 54) = 4.43, *p* = 0.0400. However, follow-up examination of least squares means did not reveal significant differences in latency to peak N290 for faces and toys across left and right hemispheres: faces in the right hemisphere, *M* = 285.29 ms, faces in the left hemisphere, *M* = 287.17 ms, toys in the right hemisphere, *M* = 287.16, and toys in the left hemisphere, *M* = 281.51 ms.

A second ANOVA was conducted examining the effect of participant group (3: LR, ASIB, FXS), electrode hemisphere (2: left, right), stimulus type (2: faces, toys), and attention phase (2: attention, inattention) on N290 latency. The interactions of participant group and electrode hemisphere, *F* (2, 54) = 4.94, *p* = 0.0107, and stimulus type and electrode hemisphere, *F* (1, 54) = 5.07, *p* = 0.0284, were replicated. There were no significant effects or interactions of HR-defined attention phase on N290 latency.

**P400 Amplitude.** Grand average P400 amplitude responses are presented in [Fig. 3](#fig0015){ref-type="fig"} by group across posterior electrode clusters included in the analyses. The P400 is evident as a positive ERP component occurring approximately 400 ms after stimulus onset. An analysis of P400 amplitude was conducted to identify differences across group, electrode hemisphere, stimulus type, stimulus familiarity, and HR-defined attention phase. The first ANOVA conducted included participant group (3: LR, ASIB, FXS), electrode hemisphere (3: left, midline, right), stimulus type (2: faces, toys), and stimulus familiarity (2: familiar, novel). A second ANOVA was conducted, including participant group (3: LR, ASIB, FXS), electrode hemisphere (3: left, midline, right), stimulus type (2: faces, toys), and HR-defined attention phase (2: attention, inattention). Both ANOVAs revealed no significant effects of these factors on P400 amplitude.Fig. 3Grand average P400 amplitude and latency by group at Occipital Inion and Parietal Occipital electrode clusters. The grand average ERP activity is shown from 100 ms preceding stimulus onset through 800 ms post stimulus onset for the three participant groups at electrode clusters included in the P400 analysis.Fig. 3

**P400 Latency.** The effects of participant group, electrode hemisphere, stimulus type, stimulus familiarity, and HR-defined attention phase on P400 latency were examined in two ANOVAs. The first ANOVA included the factors participant group (3: LR, ASIB, FXS), electrode hemisphere (3: left, midline, right), stimulus type (2: faces, toys), and stimulus familiarity (2: familiar, novel). There was a main effect of electrode hemisphere, *F* (2, 104) = 4.59, *p* = 0.0123. The latency to P400 peak amplitude was significantly shorter at left electrodes, *M* = 487.38 ms, than right electrodes, *M* = 495.03 ms, *d* = 0.078, and midline electrodes, *M* = 497.55 ms, *d* = 0.102, *p* = 0.0006. This effect was replicated in an ANOVA including participant group (3: LR, ASIB, FXS), electrode hemisphere (3: left, midline, right), stimulus type (2: faces, toys), and HR-defined attention phase (2: attention, inattention).

**Nc Amplitude.** [Fig. 4](#fig0020){ref-type="fig"} presents grand average Nc responses by group across midline frontal and central electrode clusters that were included in the analyses. The Nc can be seen as a negative component that occurs from approximately 350--750 ms after stimulus onset. Analyses were conducted to examine the effect of participant group, stimulus type and familiarity, and attention phase on Nc amplitude. Differences between participant groups were investigated in an analysis of grand average Nc amplitude. An ANOVA was conducted including group (3: LR, ASIB, FXS), stimulus type (2: faces, toys), and stimulus familiarity (2: familiar, novel). There was a marginally significant main effect of Nc amplitude across groups, *F* (2, 52) = 3.00, *p* = 0.0586. As shown in [Fig. 4](#fig0020){ref-type="fig"}, Nc amplitude was significantly greater in LR infants, *M* = −10.91 μV, and infants with FXS, *M* = − 11.87 μV, than ASIBs, *M* = − 6.09 μV, both *p*s \< 0.0001, *d* = 0.369 and *d* = 0.501, respectively. There was a significant interaction of group and stimulus familiarity, *F* (2, 48) = 3.88, *p* = 0.0274. [Fig. 5](#fig0025){ref-type="fig"} presents topographical plots of infants' Nc responses as a function of stimulus familiarity separately for each participant group. As shown in [Fig. 5](#fig0025){ref-type="fig"}, LR infants showed a greater amplitude response to novel stimuli, *M* = − 15.54 μV, than familiar stimuli, *M* = − 12.21 μV, *d* = 0.232, while ASIBs showed a very similar response to both stimulus types, familiar *M* = −10.41 μV and novel *M* = − 10.23 μV, *d* = 0.014, and infants with FXS showed a greater Nc response to familiar stimuli, *M* = − 13.50 μV, than novel stimuli, *M* = − 11.89 μV, *d* = 0.140.Fig. 4Grand average Nc amplitude by group at FrontalZ, FrontalCentralZ, and CentralZ virtual 10-10 electrodes. The grand average ERP activity is shown from 100 ms preceding stimulus onset through 800 ms post stimulus onset for the three participant groups at virtual 10-10 electrodes included in the Nc analysis.Fig. 4Fig. 5Nc amplitude by group across all electrode clusters in response to the mother's face, stranger's face, familiar toy, and novel toy. Mean Nc amplitude is presented in topographical plots in response to the mother's face, stranger's face, familiar toy, and novel toy, separately for each group.Fig. 5

An additional analysis included group, electrode cluster, stimulus type, and HR-defined attention phase to examine the effects of stimulus type and attention on Nc amplitude. There were no significant effects or interactions of stimulus type or attention on Nc amplitude.

4. Discussion {#sec0055}
=============

The primary goal of the current study was to examine neural correlates of face and object processing in two etiologically distinct groups of 12-month-old infants at high-risk for ASD (infants with FXS versus ASIBs) relative to a low-risk control group. The N290, P400, and Nc ERP components were investigated across participant groups in response to infants' mothers' faces, strangers' faces, infants' own toys, and novel toys. We predicted that both LR and ASIB infants would demonstrate greater N290 amplitude to faces than toys. Infants with FXS were expected to respond in a similar manner, but we hypothesized that they may exhibit less differentiation of faces and toys, similar to younger infants. The results revealed greater amplitude N290 in response to faces compared with toys across all groups. Contradictory to our hypothesis, the greatest N290 amplitude responses and greatest differentiation of faces and toys were observed in infants with FXS. Additionally, although the analyzed results did not include a significant effect of participant group on N290 amplitude, the ASIBs showed the smallest amplitude N290 of all three groups. We hypothesized that latency to the P400 peak would be greater in high-risk than control infants, but found no differences in P400 latency across participant groups. Additionally, participant group did not interact with stimulus type, stimulus familiarity, HR-defined attention, or electrode hemisphere to influence P400 amplitude or latency. The Nc response was significantly greater in LR and FXS groups than ASIBs. Analysis of the Nc also revealed an interaction of participant group and stimulus familiarity. As hypothesized, LR infants showed greater amplitude Nc responses to novel than familiar stimuli. We expected that ASIBs would demonstrate greater Nc amplitude to familiar than novel stimuli, but found no differences based on stimulus familiarity. However, infants with FXS did show greater amplitude to familiar than novel stimuli.

Analysis of the N290 revealed significant effects of participant group, stimulus type, and stimulus familiarity. Our finding of greater amplitude N290 responses to faces than toys replicates previous findings from LR and ASIB infants (e.g., [@bib0100], [@bib0110], [@bib0205]) and supports the role of the N290 in the development of specialized face processing across diverse groups of infants. The lack of an interaction with participant group may indicate that this early component reflects automatic face processing or recognition and that it is not strongly influenced by risk factors. However, visual review of the results (see [Fig. 1](#fig0005){ref-type="fig"}, [Fig. 2](#fig0010){ref-type="fig"} and [Table 2](#tbl0010){ref-type="table"}) indicates that there was a trend of greatest N290 amplitude in infants with FXS, followed by LR infants, and ASIBs. This may reflect a greater orienting response toward face stimuli in infants FXS than is typically observed, and a more muted orienting response in ASIBs. This trend does indicate that heterogeneous groups of infants at high risk of ASD process social stimuli differently from one another. This hypothesis was also supported by a marginally significant interaction of participant group and stimulus familiarity. Infants with FXS showed significantly greater N290 responses to familiar stimuli than to novel stimuli. Their responses to familiar stimuli were also significantly greater than LR and ASIB infants' N290 responses to familiar and novel stimuli. This interaction indicates that the N290 is sensitive to stimulus familiarity, at least under some circumstances or in some participant groups, although previous research has often suggested otherwise ([@bib0315], [@bib0320], [@bib0100], [@bib0185], [@bib0205]). Two previous studies that found significant differences in N290 amplitude based on stimulus familiarity in LR and ASIB infants ([@bib0155], [@bib0190]) only utilized familiar and novel face stimuli. It is possible that the more frequent presentation of these stimuli in those studies led to greater differentiation between familiar and novel at the level of the N290.

The specific role of the P400 in face processing is not as well established as that of the N290, and the current study did not provide evidence that it is a face-sensitive ERP component, as P400 amplitude and latency did not differ across face and toy stimuli. Additionally, our results revealed no significant effects of participant group on P400 amplitude or latency. Past studies have reported shorter P400 latency to faces than objects ([@bib0320], [@bib0110], [@bib0205]) and to the mother's face than a stranger's face in LR infants ([@bib0155]), but not ASIBs ([@bib0155], [@bib0205]). Greater P400 amplitude to novel compared with familiar face stimuli has been reported in LR infants and ASIBs ([@bib0155]), but was not observed in the current study. The current results did not provide any additional insight into the functional significance of the P400 in response to social and nonsocial stimuli or in comparison of infants at increased risk of ASD and LR infants.

The Nc component was included in our analyses because it reflects attentional engagement (e.g., [@bib0250]) and we sought to examine the effect of stimulus salience or novelty across participant groups. Results of the current study showed that Nc amplitude differed significantly across participant group. Amplitude of the Nc was similar across LR and FXS groups and was greater than in ASIBs. A greater Nc response in LR infants compared with ASIBs has not been previously reported (e.g., [@bib0160], [@bib0155], [@bib0185]), but may reflect decreased attentional engagement in the task for ASIBs relative to LR and FXS groups. Stimulus familiarity also influenced infants' Nc responses, which differed across participant group. LR infants showed a greater Nc to novel than familiar stimuli. This replicates previous findings from research comparing responses to novel stimuli with familiar, yet meaningful, stimuli in infants at 12 months of age ([@bib0025], [@bib0185]). Alternatively, ASIBs did not differentiate their mother's face and own toy from a stranger's face and novel toy based on Nc amplitude. Both [@bib0155] and [@bib0185] found that like LR infants, ASIBs demonstrated a greater amplitude Nc response to the novel face than their mother's face. However consistent with the results of the current study, [@bib0190] did not find differences in Nc amplitude based on stimulus familiarity in their longitudinal study of face processing in LR and ASIB infants. Infants with FXS showed a greater amplitude response to familiar than novel stimuli, a finding most commonly reported in LR infants under 12 months ([@bib0315], [@bib0320], [@bib0190], [@bib0295]). Results from the examination of stimulus familiarity and Nc amplitude indicate an enhanced novelty response in LR infants, an enhanced familiarity response in infants with FXS, and a null preference in ASIBs. This pattern of results may indicate that ASIBs were less responsive to the stimuli than the other groups and that infants with FXS may show immature stimulus processing, similar to that of younger infants.

Differences observed in the ERP responses of infants with FXS relative to ASIB infants, despite shared risk status and behavioral phenotypes, may reflect differences in the developmental trajectories of each group. Previous research contrasting the structural brain development of toddlers with FXS and toddlers with idiopathic ASD has indicated that shared behavioral ASD characteristics across these groups may actually have roots in distinct neural mechanisms ([@bib0125], [@bib0130]). For example, amygdala volume was found to be enlarged in toddlers with idiopathic ASD and decreased in volume in toddlers with FXS relative to control toddlers ([@bib0125]). It was hypothesized that both patterns of brain development may contribute to the similar atypicalities in social behavior. Differences in level of intellectual maturity may also contribute to the differences observed in the ERP responses of infants with FXS and ASIBs. As shown in [Table 1](#tbl0005){ref-type="table"}, infants with FXS had lower scores on the Mullen Scales of Early Learning than ASIBs and LR infants, reflecting a younger mental age. This effect was strongest in males with FXS, however, due to small sample sizes, it was not feasible to examine sex effects on the current ERP results. Behavioral characteristics of the FXS group indicate that including females in the sample may have diluted our results, however, significant group effects were observed in the results of our N290 and Nc analyses. Future research should further investigate the impact of participant sex on ERP responses in infants with FXS.

The unique pattern of ERP responses observed in infants with FXS may also reflect high rates of anxiety observed in FXS, with approximately 86% of males meeting DSM-IV criteria for one or more anxiety disorders ([@bib0040]). Social anxiety affects approximately 69% of individuals with FXS ([@bib0040]) compared with up to 37% of persons with ASD (deBruin et al., 2007; Kerns et al., 2014). Given the commonality and intensity of anxiety in FXS, it is possible that the enhanced amplitude of N290 and Nc responses may reflect a hyper-responsiveness to social stimuli in infants with FXS relative to ASIBs and LR infants. Although differences in N290 amplitudes have not been previously reported in studies of ASIBs relative to LR infants, the presence of enhanced N290 amplitude in FXS may reflect an especially strong orientation to face stimuli than object stimuli early in the processing stream. Similarly, the enhanced Nc responses in FXS infants may support greater arousal or interest in the experimental stimuli compared with ASIBs. These hypotheses are consistent with a number of studies characterizing behavioral and biological predictors of anxiety in young children with FXS as early as infancy. For example, infants and toddlers with FXS exhibit abnormal behavioral and physiological responses to anxiety, as measured during an experimental stranger approach paradigm ([@bib0280], [@bib0285]). In addition, accelerations in parent reported temperamental approach, characterized as engagement in novel situations, have been shown to predict later anxiety symptoms among infants and toddlers with FXS ([@bib0280], [@bib0285]). Given these behavioral and biological prodromal anxiety features are detectable in early childhood within FXS, it is possible that atypical neural patterns -- particularly enhanced amplitude of N290 and Nc responses -- may reflect emergent anxiety risk in this population. Additional studies that contrast the early emergence of social anxiety and its neural underpinnings across FXS and ASD can contribute to increased phenotypic specificity.

As the first study to examine and detect cross-syndrome neural differences in infant groups at risk for ASD, we suggest a number of future directions. First, although the prospective examination of group differences in ERP responses among ASIBs is a standard method for studying the effects of the broader autism phenotype ([@bib0075], [@bib0160], [@bib0155], [@bib0185], [@bib0205]), it will be important to examine developmental outcomes associated with infant risks. These include comparisons across groups based on diagnosis of ASD and intellectual disability. A limitation to the current study is the relatively small sample size given the heterogeneity within each participant group and to better understand relations between infant ERP responses and developmental outcomes additional infants should be tested. Monitoring change in neural responses over time will also be essential to determining whether the effects observed in the current study increase in intensity over time, thus informing points of greatest risk and timing for interventions. Furthermore, it is important to examine additional relations between ASD risk and neural responses, as we only examined highly specific ERP indices of face processing and attention.

Results of the current study indicate that infants at increased risk of ASD already display unique patterns of neural responses to familiar and novel, face and toy stimuli at 12 months of age. Although previous studies have examined ASIBs' ERP responses to face and object stimuli (e.g., [@bib0185], [@bib0190], [@bib0205], [@bib0155], [@bib0160]), this was the first study to incorporate an additional at-risk group of infants with FXS. Both ASIBs and infants with FXS differed from LR infants in their ERP responses, but patterns of responses also differed across the at-risk groups. Infants with FXS showed enhanced N290 and Nc amplitude responses, whereas ASIBs demonstrated a more muted response, reflected in decreased N290 and Nc amplitude relative to controls. Additionally, at the N290 and Nc ERP components, infants with FXS showed sensitivity to stimulus familiarity, while ASIBs' responses did not differ across familiar and novel stimuli. These group-specific differences suggest that despite shared risk for ASD outcomes, infants with FXS and ASIBs exhibit distinct neural patterns of attention and face processing within the first year of life, potentially suggesting syndrome-specific pathways to similar behavioral outcomes.
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